Abstract Entry of vitamin C or ascorbate into most tissues requires its movement across the endothelial cell barrier of vessels. If trans-cellular ascorbate movement occurs, then it should be evident as ascorbate efflux from endothelial cells. Cultured EA.926 endothelial cells that had been loaded to about 3.5 mM intracellular ascorbate lost 70-80% of ascorbate to the medium over several hours at 37°C via a non-saturable process that was insensitive to anion transport inhibitors and thiol reagents. Oxidation of this extracellular ascorbate by ascorbate oxidase or ferricyanide enhanced apparent ascorbate efflux, suggesting that efflux of the vitamin was countered in part by its reuptake on ascorbate transporters. Although basal ascorbate efflux was not calcium-dependent, increased entry of calcium into the cells enhanced ascorbate release. These results support the hypothesis that ascorbate efflux reflects trans-endothelial cell ascorbate movement out of the blood vessel.
Introduction
Endothelial cells lining blood vessel walls are constantly exposed to ascorbic acid concentrations in the plasma of 30-60 lM in normal individuals [1] . These concentrations tend to decline with age [2] [3] [4] , but in humans remain a function of dietary intake in both men and women [2] . Although in vivo measurements of intracellular ascorbate concentrations in endothelial cells are not feasible, exposure of cells in culture to such ascorbate concentrations results in intracellular concentrations in the low millimolar range [5, 6] . This gradient across the plasma membrane is likely generated by the SVCT2, a specific ascorbate transporter that mediates sodium-and energy-dependent ascorbate uptake in other cells [7] . The two-electron oxidized form of ascorbate, termed dehydroascorbate, can also enter cells on ubiquitous glucose transporters [8] . Once inside cells, dehydroascorbic acid (DHA) is rapidly reduced back to ascorbate, resulting in a net accumulation of the vitamin in the cells [9] [10] [11] . Of the two mechanisms, uptake of ascorbate on its specific transporter probably contributes much more to the trans-plasma membrane ascorbate gradient than does uptake and reduction of DHA, since concentrations of the latter are usually very low in plasma [12] , since DHA competes with 5 mM D-glucose for glucose transporters, and since human erythrocytes, which lack ascorbate transporters [13] , have the same intracellular ascorbate concentration as in plasma [1, 11] . Ascorbate appears to be trapped in most cells because of its negative charge at physiologic pH, although ascorbate efflux has been described in hepatocytes [14] , in brain cells under glutamate-induced stress [15] , and in endothelial cells [14, 16] . Loss of ascorbate from cells has also been documented following its oxidation as efflux of DHA on glucose transporters [17] . One might expect this to be a significant route in cells under oxidant stress, such as in cells cultured at ambient oxygen concentrations. However, there have been no studies comparing rates of ascorbate efflux as ascorbate versus DHA. This could be an important issue, since ascorbate leaving cells as DHA might not readily re-enter cells due to competition from glucose or to opening of its unstable lactone ring and thus permanent loss from the system.
The question of ascorbate efflux is especially relevant for endothelial cells, which in many capillary beds form tight junctions and thus must somehow move ascorbate out of the vessel lumen and into the extracellular space of tissues. In this work, we studied ascorbate efflux and re-uptake by cultured human-derived endothelial cells (EA.hy926). These cells retain endothelial cell features, including cobblestone appearance with formation of capillary-like tubes in culture [18] , expression of factor VIII antigen [19] , oxidative modification of human LDL [20] , and calcium-dependent endothelial nitric oxide synthase activation [20, 21] . We found that loss of the vitamin from EA.hy926 cells occurs largely as ascorbate and not as DHA under standard culture conditions in oxygenated buffer, that a significant fraction of ascorbate efflux is counteracted by its re-uptake on the ascorbate transporter, and that ascorbate efflux is enhanced by increases in intracellular calcium.
Materials and methods

Materials
Sigma/Aldrich Chemical Co. (St. Louis, MO) supplied the A23187, DHA, 4,4 0 -diisothiocyanatostilbene-2,2 0 -disulfonic acid (DIDS), diethylenetriamine-pentaacetic acid, ethylenediamine-tetraacetic acid (EDTA), N-2-hydroxyethylpiperazine N 0 -2-ethanesulfonic acid (Hepes), A23187, phenylarsine oxide, and sulfinpyrazone. Nimodipine and mibefradil were a gift from Dr. Katherine Murray. PerkinElmer Life and Analytical Sciences, Inc. (Boston, MA) supplied the L- [1- 14 C]ascorbic acid, which was dissolved in deionized water containing 0.1 mM acetic acid and stored in multiple aliquots at -20°C until use.
Methods
Cell culture
EA.hy926 cells were a generous gift from Dr. Cora Edgell (University of North Carolina, Chapel Hill, NC, USA). The cells were cultured in Dulbecco's minimal essential medium and 10% (v/v) heat-inactivated fetal bovine serum, which contained 20 mM D-glucose and HAT media supplement (Sigma/Aldrich Chemical Co., St. Louis, MO). Cells were cultured to near confluence at 37°C in humidified air containing 5% CO 2 . Just before an experiment, cells were rinsed 3 times in 2 ml of Krebs-Ringer Hepes (KRH) buffer at 37°C. KRH buffer consisted of 20 mM Hepes, 128 mM NaCl, 5.2 mM KCl, 1 mM NaH 2 PO 4 , 1.4 mM MgSO 4 , and 1.4 mM CaCl 2 , pH 7.4. In some experiments, calcium was omitted from the KRH.
Assay of radioactive ascorbate efflux
EA.hy926 cells in 12-well plates were rinsed twice in 2 ml of KRH to remove culture medium, and then incubated for 1 h at 37°C in KRH that contained 5 mM D-glucose, 0.5 mM GSH, and 0.05 lCi of L- [1- 14 C]ascorbic acid. The total ascorbate concentration was 0.3 lM, unless otherwise stated. To start the efflux assay, the supernatant was aspirated and the cells were rinsed three times in 2 ml of KRH at 37°C and the cells were treated with 1 ml of fresh KRH that contained 20 mM D-glucose and additives as noted. After incubation for the times indicated, an aliquot of the supernatant was removed for radioactive counting, and the cells were rinsed twice in ice-cold KRH. The cell monolayer was then treated with 1 ml of 0.05 N NaOH, the cells were scraped from the plate, and the extract was added to 5 ml of Ecolume liquid scintillation fluid (ICN, Costa Mesa, CA) with mixing. The radioactivity of duplicate samples was measured in a Packard CA-2200 liquid scintillation counter.
Assay of ascorbate and GSH
After incubations as noted in 6-well plates, the medium was aspirated and the cells were gently rinsed twice with 2 ml of ice-cold KRH. The last rinse was removed and the cell monolayer was treated with 0.1 ml of 25% metaphosphoric acid (w/v) for several minutes, followed by 0.35 ml of a buffer containing 0.1 M Na 2 HPO 4 and 0.05 mM EDTA, pH 8.0. The remaining cell material was scraped from the plate, and the lysate was removed and centrifuged at 3°C for 1 min at 13,000g. Intracellular GSH was measured by the method of Hissin and Hilf [22] . Assay of ascorbic acid was performed in duplicate by high-performance liquid chromatography as previously described [23] . In some experiments, ascorbate was also measured in 0.1 ml of the incubation medium by adding 0.1 ml of 25% metaphosphoric acid (w/v), mixing, neutralizing with 0.35 ml of the above phosphate/EDTA buffer, and centrifuging to remove any precipitated solids before assay of ascorbate. Intracellular concentrations of ascorbate were calculated based on the intracellular distribution space of 3-O-methylglucose in EA.hy926 cells. We previously determined this value for endothelial cells in culture to be 3.6 ± 1.2 ll/mg protein [21] and used this in the calculations.
Data analysis
Results are shown as mean ? standard error. Statistical comparisons were made using SigmaStat 2.0 software (Jandel Scientific, San Rafael, CA). Differences between treatments were assessed by two-way analysis of variance with post-hoc testing using Dunnett's test.
Results
Ascorbate efflux from endothelial cells
To assess the efflux of ascorbate from endothelial cells, confluent EA.hy926 cells were loaded by a short incubation with 0.5 mM DHA to intracellular ascorbate concentrations of about 3.5 mM (Fig. 1) . DHA is very unstable in physiologic buffers, with a half-life of about 6 min [24, 25] . However, if it is rapidly taken into cells on glucose transporters, this DHA is rapidly reduced to ascorbate. As long as D-glucose is present this reduction is not toxic to the cells [26] . After several rinses to remove any extracellular ascorbate, the cells were incubated in KRH containing 5 mM D-glucose as an energy source for various times up to 4 h. As shown in Fig. 1a , intracellular ascorbate decreased fairly rapidly to about 20% of starting levels at 2 h, and then stabilized at about 0.6 mM out to 4 h (circles). As expected, extracellular ascorbate was very low at the beginning of the incubation, but increased over the 4 h incubation, although more slowly after 2 h to reach about 6 lM (Fig. 1b, circles) . The total ascorbate in the cells and buffer decreased to less than 50% of the initial value over the first two hours of incubation, but then stabilized when most ([70%) of the ascorbate remaining in the 1 ml system was extracellular (Fig. 1c, circles) . Although most of the ascorbate was outside the cells, it should be noted that there was still a 67-fold concentration gradient of ascorbate across the plasma membrane.
Ascorbate re-uptake during its efflux To assess the extent to which re-uptake of ascorbate that had escaped the cells contributed to maintaining intracellular ascorbate, ascorbate oxidase was added to incubations of ascorbate-loaded EA.hy926 cells. Ascorbate oxidase will not appreciably penetrate the cells and will destroy extracellular ascorbate, thus preventing its re-uptake on the ascorbate transporter. As shown by the squares in Fig. 1a , ascorbate oxidase caused a greater decrease in intracellular ascorbate over the first hour of incubation compared to cells in the same experiment not incubated with the enzyme. Ascorbate oxidase destroyed most of the extracellular ascorbate (Fig. 1b) , and decreased the total amount of ascorbate in the system by more than 50% at each time point after the first (Fig. 1c) . Similar results were observed when ferricyanide was added to oxidize extracellular ascorbate during 2 h of incubation (results not shown). At least during short-term incubations, ferricyanide, like ascorbate oxidase, does not appreciably enter cells [27] and thus will selectively oxidize extracellular ascorbate. Together, the ascorbate oxidase and ferricyanide results suggest that there is a substantial ascorbate efflux from Ascorbate efflux from EA.hy926 cells. Confluent cells were incubated at 37°C in KRH that contained 5 mM D-glucose and 500 lM DHA. After 30 min, the medium was aspirated and the cells were rinsed twice in 2 ml of KRH and incubated at 37°C in fresh KRH that contained 5 mM D-glucose without (circles) or with (squares) 0.5 units/ml ascorbate oxidase. At the times indicated, aliquots of the medium were removed for assay of ascorbate, and the cells were rinsed 3 times in KRH before they were taken for assay of intracellular ascorbate. a Intracellular ascorbate, b medium concentrations of ascorbate, and c total ascorbate in each well. Results are shown from five experiments ascorbate-loaded EA.hy926 cells, and this is partially offset by reuptake of the vitamin.
Evaluation of the mechanism of ascorbate efflux Efflux of ascorbate was also evident when EA.hy926 cells were loaded for 1 h with 0.3 lM radioactive ascorbate (Fig. 2, circles) , although the relative intracellular depletion (Fig. 2, squares) was not as severe as observed with higher initial intracellular ascorbate concentrations (e.g., Fig. 1 ). Whereas the total amount of intra-and extracellular radioactivity in each well were equal after 90 min of efflux, even with some trapping of extracellular ascorbate by the cells, the intracellular radioactive ascorbate concentration was over 100-fold that outside the cells.
Accurate measurement of rates of ascorbate efflux in EA.hy926 cells is complicated by its re-uptake on the ascorbate transporter. This can be prevented by oxidizing extracellular ascorbate with ascorbate oxidase and by assessing efflux using radiolabeled ascorbate. The extracellular accumulation of radiolabel (even though its chemical form is L-[1-
14 C]DHA and its breakdown products) reflects efflux of ascorbate. To prevent uptake of radiolabeled DHA on glucose transporters, the medium glucose concentration was increased to 20 mM. Using this approach, we evaluated the kinetics of radiolabeled ascorbate efflux by increasing intracellular ascorbate and following efflux of radiolabeled ascorbate. Since ascorbate efflux in the presence of ascorbate oxidase was rapid for 30 min (Fig. 1b) , this time was used for the efflux studies. Cells were simultaneously loaded for 1 h with tracer amounts of radiolabeled ascorbate and with increasing amounts of dehydroascorbate. The latter will be converted to unlabeled ascorbate inside the cells, which will then compete for efflux with the radiolabeled ascorbate if there is a saturable efflux mechanism. It was determined in separate studies not shown that cells loaded with increasing amounts of DHA and the same concentration of radioactive ascorbate in fact contained the same amount of radiolabeled ascorbate independent of the loading DHA concentration. Whereas DHA loading progressively increased intracellular ascorbate concentrations (Fig. 3, X-axis values) , there was no effect on the efflux of radiolabeled ascorbate from the cells at 60 min (Fig. 3, Y-axis values) . This shows that efflux is not due to membrane damage or cell lysis from DHA loading or reduction and that it is independent of the intracellular ascorbate concentration.
To further examine the mechanism of ascorbate efflux from EA.hy926 cells, the effects of adding various agents C]ascorbate, and one of the following DHA concentrations: 0, 0.05, 0.1, 0.1, 0.5, or 1 mM. After 1 h, the cells were rinsed with warm KRH and incubated at 37°C in KRH that contained 20 mM D-glucose and 0.5 unit/ml ascorbate oxidase. Efflux was allowed to continue for 30 min in this buffer before sampling of the extracellular radioactivity. The latter was expressed as a fraction of the radioactivity outside cells that were treated only with radiolabeled ascorbate, but not DHA. In separate experiments under identical conditions, cells were loaded with only with DHA as noted above for 1 h, rinsed in KRH, and taken for determination of intracellular ascorbate. The results from seven experiments involving radioactive ascorbate and four experiments involving DHA loading only are plotted as a function of the measured intracellular ascorbate concentrations during the efflux phase were studied. Under the conditions of Fig. 1 , the following agents at the concentrations noted had no effect on ascorbate efflux over 60 min: DIDS (100 lM), phenylarsine oxide (100 lM), p-chloromercuribenzene sulfonic acid (200 lM), L-cysteine (5 mM), oxidized glutathione (5 mM), and ATP (0.3 mM). However, GSH at 5 mM and the calcium ionophore A23187 at 10 lM markedly enhanced efflux. Neither agent affected intracellular GSH, showing that the results were not due to cell lysis. The effect of GSH was evident by 30 min of efflux, but was maximal at 1 h (results not shown). The concentration dependence of the effect of GSH at 1 h is shown in Fig. 4 . Whereas GSH concentrations of 1 mM or less had no effect on ascorbate efflux, GSH at 2.5 mM and higher caused nearly complete loss of ascorbate from the cells (Fig. 4a) and a tripling of the ascorbate concentration in the incubation medium (Fig. 4b) . The efflux of radiolabeled ascorbate from cells into the incubation medium showed similar concentration dependence when carried out under the conditions of Fig. 2 at 2 h (results not shown) . In the experiments shown in Fig. 4c , the efflux of ascorbate was accompanied by a decrease in the total ascorbate in the system at 2.5 and 5 mM GSH, which could indicate an oxidative loss of ascorbate due to GSH. However, the GSH-induced efflux of ascorbate was not affected by the presence of up to 1 mM diethylenetriamine-pentaacetic acid, 0.01 mM EDTA, or 100 U of catalase added to the cells just before the efflux phase (results not shown). On the other hand, removal of calcium from the efflux buffer completely prevented both the effect of GSH and A23187 to increase ascorbate efflux (Fig. 5) . Removal of calcium from the incubation medium did not affect either intracellular (Fig. 5a , left-hand pair of bars) or extracellular (Fig. 5b , left-hand pair of bars) ascorbate. A23187 treatment decreased intracellular ascorbate (Fig. 5a ) and caused a corresponding increase in extracellular ascorbate (Fig. 5b) . Calcium-free buffer prevented both the decrease in intracellular ascorbate due to A23187 (Fig. 5a ) and the increase in the incubation buffer (Fig. 5b) . As expected from the results of Fig. 4 , GSH at 5 mM caused a marked depletion of intracellular ascorbate (Fig. 5a ) and a corresponding increase in extracellular ascorbate (Fig. 5b) . As with A23187, the effect of GSH was completely prevented by removal of calcium from the incubation buffer. The GSH effect to increase ascorbate efflux was not prevented by the selective calcium channel blockers nimodipine and mibefradil, both at 40 lM (results not shown).
Mechanism of ascorbate re-uptake by EA.hy926 endothelial cells
We next investigated the mechanism of the apparent ascorbate re-uptake, since this could occur as ascorbate on the ascorbate transporter, or as DHA on the glucose transporter, with subsequent reduction and trapping within the cells. In results not shown, in cells loaded with 0.5 mM DHA as described for the studies shown in Fig. 1 , no effects of 30 mM D-glucose, 40 mM 3-O-methylglucose, or 25 lM cytochalasin B were observed on either intra-or extracellular ascorbate concentrations at 1 h. This suggests that re-uptake of DHA on the glucose transporter is not involved in the net ascorbate uptake. On the other hand, unlabeled extracellular ascorbate accelerated the loss of radioactive ascorbate from EA.hy926 cells. When cells were first loaded with tracer (\1 lM) amounts of radioactive ascorbate, rinsed to remove extracellular ascorbate, and then incubated for 60 min with increasing concentrations of unlabeled ascorbate, net efflux of the tracer was enhanced. This is depicted in Fig. 6 as decreases in Fig. 4 Concentration-dependent acceleration of ascorbate efflux by GSH. EA.hy926 cells were loaded with ascorbate as described in the Fig. 1 legend, rinsed twice in KRH, and incubated in fresh KRH that contained 5 mM D-glucose and the indicated concentration of GSH. After 60 min, the buffer was sampled for extracellular ascorbate, the cells were rinsed 3 times in KRH and taken for assay of intracellular ascorbate. a Intracellular ascorbate, b extracellular ascorbate, and c total ascorbate in the system from five experiments. An asterisk (*) indicates P \ 0.05 compared to the cells not exposed to GSH intracellular radiolabeled ascorbate (circles) and as increases in extracellular radiolabel (squares) with increasing initial extracellular concentrations of unlabeled ascorbate. These results fit with the notion that the ascorbate transporter was involved in re-uptake of ascorbate by the cells.
Additional evidence that the ascorbate transporter mediates re-uptake of ascorbate was also sought using sulfinpyrazone, a known inhibitor of ascorbate transport in endothelial cells [28] . As shown in Fig. 7 , inclusion of 1 mM sulfinpyrazone during the efflux phase of the experiment significantly decreased intracellular ascorbate (Fig. 7a, squares) compared to untreated control cells (Fig. 7a, circles) . It also tended to increase extracellular ascorbate, although this difference was not significant in these experiments (Fig. 7b) . Further, when cells were loaded for 60 min with radioactive ascorbate (as in the experiments shown in Fig. 2) , then allowed to efflux for another 60 min with or without 1 mM sulfinpyrazone, extracellular radioactivity was increased by 52% in cells treated with sulfinpyrazone compared to control (P \ 0.02, data not shown). Sulfinpyrazone had no effect on intracellular GSH content, showing that it did not cause cell lysis.
We next assessed whether efflux and re-uptake of ascorbate is significant in cells cultured overnight in complete culture medium. Cells were first loaded with increasing concentrations of ascorbate for 1 h, rinsed several times to remove extracellular ascorbate, and cultured 16-18 h in fresh complete medium not containing ascorbate. As shown in Fig. 8a , intracellular ascorbate concentrations increased with increasing amounts of ascorbate added, but were halved by addition of ascorbate oxidase during culture. The measured extracellular concentration of ascorbate was below 1 lM, even in the absence of ascorbate oxidase (Fig. 8b, circles) . In the presence of the oxidase, extracellular ascorbate was decreased further, but not to zero. Comparison of the extraand intracellular ascorbate concentrations again showed a very steep gradient of over 1000-fold. Thus, efflux and re-uptake of ascorbate during longer term culture in a bicarbonate-based buffer system is again a significant mechanism for maintaining intracellular ascorbate.
Discussion
Although EA.hy926 endothelial cells concentrate ascorbate against a gradient, when loaded with relatively high intracellular ascorbate concentrations, they show substantial rates of ascorbate efflux. Over several hours of incubation in physiologic buffer, ascorbate concentrations inside of cells loaded to 3-4 mM ascorbate decrease to steady-state concentrations of about 0.6 mM. This plateau reflects a balance between ascorbate efflux and its reuptake. In cells cultured for 16-18 h in medium supplemented at the beginning of the incubation with ascorbate, extracellular ascorbate was very low. This was probably due to its destruction in oxygenated culture medium containing trace amounts of iron. However, the intracellular ascorbate concentration was 1.2-2.8 mM, depending on the initial amount of ascorbate loaded into the cell. Thus, in both short-and long-term incubations, there was a steep ascorbate concentration gradient across the plasma membrane (70-fold and greater), which is likely due to an energy-dependent ascorbate transporter such as the SVCT2 [7] . If endothelial cells in vivo could maintain even a 40-fold concentration gradient from plasma into the cells, at a normal ascorbate concentration of 40 lM, intracellular ascorbate concentrations would be on the order of 1.6 mM.
Ascorbate is a hydrophilic molecule and also carries a negative charge at physiologic pH. It diffuses slowly out of a simple cell such as an erythrocyte, which loses 10-20% of ascorbate over 40 min of incubation, depending on the Fig. 8 Efflux and re-uptake of ascorbate by EA.hy926 cells in overnight culture. Cells in culture medium were treated for 6 h at 37°C with the indicated concentration of ascorbate. The medium was removed and the cells were rinsed once in KRH, followed by addition of new complete culture medium in the absence (circles) or presence (squares) of 1 unit/ml ascorbate oxidase. After 16-18 h in culture, aliquots of the incubation medium were taken for assay of ascorbate (b), the cells were rinsed 3 times in KRH, and taken for assay of ascorbate (a). Results are shown for three experiments. The curve for ascorbate oxidase was significantly lower than the curve in the absence of the oxidase initial intracellular concentration [14, 17, 29] . Efflux is more rapid from endothelial cells than from erythrocytes [14] . We show here that endothelial cells containing about 3 mM ascorbate lose 50-60% of this ascorbate over an hour of incubation in physiologic buffer. Efflux of ascorbate at lower intracellular concentrations is relatively less rapid. This efflux could represent vectorial transport of ascorbate, which in vivo would be efflux from the basal side of the cells that permits movement of ascorbate from the vessel lumen to the interstitium. A robust system has been described for intestinal Caco-2 cells involving polarized ascorbate transport out of the intestinal lumen and across epithelial cells that is initiated by ascorbate uptake on the SVCT1 in the brush-border membrane side of the cell [30] . Whether such a system exists for endothelial cells remains to be determined. It is possible that the SVCT2 is involved in such vectorial transport of ascorbate across capillary walls. Support for this notion comes from observations that ascorbate does not rapidly cross the blood-brain barrier in vivo [31, 32] and that, in contrast to endothelial cells from other vessel types, the SVCT2 is not present in vivo in the endothelial cells that form the bloodbrain barrier [33, 34] . Nonetheless, such an effect will need to be determined experimentally.
One of the major findings of this work is that efflux of ascorbate out of endothelial cells is countered by its reuptake. Thus, removal of extracellular ascorbate by destruction by ascorbate oxidase doubled apparent rates of ascorbate loss from endothelial cells and halved the intracellular concentration of ascorbate that the cells could maintain, either after several hours in physiologic buffer or after 18 h of culture. Similar results were obtained with ferricyanide in short-term incubations. Both ferricyanide and ascorbate oxidase cause a one-electron oxidation of ascorbate, resulting in the ascorbate radical. Two molecules of the ascorbate radical dismutate to form one molecule each of ascorbate and DHA [35] . Any extracellular DHA would rapidly re-enter the cells on the glucose transporter followed by intracellular reduction to ascorbate. If DHA uptake and reduction accounted for the ascorbate re-uptake, then treatment with either agent would have decreased net ascorbate efflux, not increased it, as was observed (e.g., Fig. 1 ). Further, inhibition of glucose transporters with D-glucose, 3-O-methylglucose, and cytochalasin B failed to affect rates of net ascorbate efflux. On the other hand, ascorbate loss was enhanced by sulfinpyrazone, as expected if it inhibited ascorbate re-uptake on the ascorbate transporter. It must be noted, however, that sulfinpyrazone has been shown to inhibit a component of DHA uptake in cerebral astrocytes that is insensitive to Dglucose [36] and we have also observed this effect in EA.hy926 cells (May, J.M., unpublished results). Since the findings noted above suggest that ascorbate re-uptake occurs as ascorbate and not as DHA, and especially since cytochalasin B is known to inhibit [90% of such D-glucose-insensitive DHA uptake and reduction [37] , we conclude that the effect of sulfinpyrazone was most likely on the ascorbate transporter. Thus, re-uptake of ascorbate on its transporter rather than uptake of DHA on the glucose transporter is the mechanism of ascorbate recovery by the cells.
If the efflux of ascorbate in EA.hy926 cells reflects vectorial transport of ascorbate from the luminal plasma membrane to that on the basal side of the cell, the then maintaining high intracellular ascorbate concentrations via uptake from the blood is important for facilitating this process. It is also likely to be important for ascorbate functions within endothelial cells, such as serving as an antioxidant and as a co-factor for the prolyl and lysyl hydroxylases that regulate HIF-1a levels and that hydroxylate collagen [38] . Regarding the latter, we have previously shown that optimal rates of type IV collagen synthesis in EA.hy926 cells required intracellular ascorbate concentrations of about 2 mM [6] . Whether or not the SVCT2 participates in trans-cellular ascorbate movement, its major effect is to maintain intracellular ascorbate concentrations.
The mechanism of ascorbate efflux from endothelial cells is non-saturable with respect to the intracellular ascorbate concentration, suggesting simple diffusion or movement across a channel. In cultured HepG2 liver cells, which have higher rates of efflux on a per cell basis than do endothelial cells, efflux was saturable, temperature-dependent, and inhibited by phloretin and DIDS [14] . This suggests a specific transporter involved in efflux from these cells. Such a transporter could serve to export newly synthesized ascorbate from hepatocytes. Although HepG2 cells are derived from a human hepatoma and thus do not make ascorbate, they could have retained this mechanism of ascorbate export. Upston and colleagues [14] showed that substantial ascorbate also was lost from perfused rat and guinea pig livers. Rats synthesize ascorbate in hepatocytes [39] , while guinea pigs, like humans, lack gulonolactone oxidase, the last step in the biosynthesis of ascorbate. Still, the presence of ascorbate efflux in hepatocytes from all three species suggests the presence of a specific transporter in the liver. Although non-saturable efflux observed in endothelial cells in the present work could still reflect gradient-dependent movement of ascorbate across a membrane channel, our finding that sulfinpyrazone and other agents known to inhibit anion channels did not decrease ascorbate efflux suggests either simple diffusion or a channel insensitive to these agents.
The constitutive or basal efflux of ascorbate from endothelial cells can be enhanced by calcium influx. Davis and colleagues [16] previously demonstrated calcium-inducible efflux of ascorbate from pig coronary artery endothelial cells that was not present in pig smooth muscle arterial cells. Ascorbate efflux was increased both by A23187 and by ATP, the latter acting through P2Y2-like receptors. Ascorbate efflux stimulated by ATP did not occur on the ascorbate transporter, but was inhibited by anion channel blockers (including sulfinpyrazone) and by omitting extracellular calcium or chelating it intracellularly [16] . We also found that A23187 increased ascorbate efflux in cells incubated in calcium-containing medium, although we did not see an increase in ascorbate efflux due to ATP in EA.hy926 cells. This could indicate lack of functional cell surface nucleotide receptors on EA.hy926 cells. Omission of the calcium from the cell incubation buffer prevented A23187-induced ascorbate efflux, but it did not affect basal efflux. The latter suggests that non-stimulated ascorbate efflux seen both in this and in the study by Davis et al. [16] is not calcium-dependent. We found that GSH concentrations of 2.5 mM and higher also stimulated ascorbate efflux, an effect that was again completely prevented by removal of calcium in the medium. Supraphysiologic extracellular GSH concentrations have been noted to cause oxidant stress by redox cycling [40] . The thiol group on GSH is not a good donor of electrons, but if GSH is converted to cysteinylglycine by c-glutamyltransferase (E.C. 2.3.2.2), the thiol becomes much more reactive and can initiate redox cycling with ferric iron [40] . Although oxidant species generated in this reaction might cause opening of calcium channels, the effect of GSH was not mimicked by the more reactive L-cysteine or by direct treatment with H 2 O 2 . It was also not blocked by catalase or extracellular iron chelators, which is further evidence against a redox cycling medium. Although the mechanism of the GSH effect remains to be determined, the observation does confirm the findings of Davis et al. [16] that influx of calcium causes efflux of ascorbate from endothelial cells. As also noted by Davis et al. [16] , endothelial cell release of ascorbate could be beneficial in atherosclerosis and other inflammatory vascular conditions in which nitric oxide release and function is impaired, since ascorbate could preserve nitric oxide by scavenging extracellular superoxide.
In conclusion, in this work we found that ascorbate-loaded EA.hy926 endothelial cells lost significant amounts of ascorbate through a non-saturable mechanism that was partially counteracted by re-uptake of the vitamin on the ascorbate transporter. In addition, increased flux of calcium into the cells due to the calcium ionophore A23187 or to GSH markedly augmented rates of ascorbate loss from the cell, although probably by a different mechanism. It is possible that ascorbate efflux relates to trans-cellular movement of ascorbate across the endothelium from the vessel lumen into the interstitium, but it is clear that the primary role for the SVCT2 is to retain ascorbate in the cells.
